1. Cytoplasmic acetoacetyl-CoA thiolase was highly purified in good yield from rat liver extracts. 2. Mg2+ inhibits the rate of acetoacetyl-CoA thiolysis but not the rate of synthesis of acetoacetyl-CoA. Measurement of the velocity of thiolysis at varying Mg2+ but fixed acetoacetyl-CoA concentrations gave evidence that the keto form of acetoacetyl-CoA is the true substrate. 3. Linear reciprocal plots of velocity of acetoacetyl-CoA synthesis against acetyl-CoA concentration in the presence or absence of desulpho-CoA (a competitive inhibitor) indicate that the kinetic mechanism is of the Ping Pong type involving an acetyl-enzyme covalent intermediate. In the presence of CoA the reciprocal plots are non-linear, becoming second order in acetyl-CoA (the Hill plot shows a slope of 1.7), but here this does not imply co-operative phenomena. 4. In the direction of acetoacetyl-CoA thiolysis CoA is a substrate inhibitor, competing with acetoacetyl-CoA, with a Ki of 67pM. Linear reciprocal plots of initial velocity against concentration of mixtures of acetoacetyl-CoA plus CoA confirmed the Ping Pong mechanism for acetoacetyl-CoA thiolysis. This method of investigation also enabled the determination of all the kinetic constants without complication by substrate inhibition. When saturated with substrate the rate of acetoacetyl-CoA synthesis is 0.055 times the rate of acetoacetyl-CoA thiolysis. 5. Acetoacetyl-CoA thiolase was extremely susceptible to inhibition by an excess of iodoacetamide, but this inhibition was completely abolished after preincubation of the enzyme with a molar excess of acetoacetyl-CoA. This result was in keeping with the existence of an acetyl-enzyme. Acetyl-CoA, in whose presence the overall reaction could proceed, gave poor protection, presumably because of the continuous turnover of acetyl-enzyme in this case. 6. The kinetic mechanism of cytoplasmic thiolase is discussed in terms of its proposed role in steroid biosynthesis.
Rat liver contains three classes of oxoacyl-CoA thiolase, two of which are specific for acetoacetylCoA and will not catalyse the thiolysis of higher homologues (Middleton, 1973) . These two acetoacetyl-CoA-specific thiolases have been shown (Middleton, 1973) to differ greatly in their intracellular location, their response to univalent cations and their simple kinetic properties. The present paper reports studies on the kinetic mechanism and properties of the cytoplasmic acetoacetyl-CoA thiolase of rat liver. This is the first detailed kinetic study of a purified mammalian cytoplasmic acetoacetyl-CoA thiolase although cytoplasmic thiolases have been purified from baker's yeast (Kornblatt & Rudney, 1971 ) and chicken liver (Clinkenbeard et al., 1973) .
Experimental Materials
Cytochrome c (horse heart), chymotrypsinogen A (bovine pancreas), ovalbumin, serum albumin prepared by the method of Chase & Tubbs (1969) . Pantetheine and acetoacetyl-pantetheine were prepared as described by Gehring et al. (1968) . CoA and pantetheine were assayed by their thiol content by the method of Ellman (1959) ; the purity of the CoA was checked by the use ofphosphate acetyltransferase (Michal & Bergmeyer, 1963) . Acetyl-CoA was assayed by the method of Chase (1967) . AcetoacetylCoA and acetoacetyl-pantetheine were determined by the method of Decker (1963) . Bromoacetyl-CoA was determined by the method of Chase & Tubbs (1969) and desulpho-CoA was assayed by its E260, by using the extinction coefficient for adenine nucleotides of 16.4 x 103 litre -mol Icm-' (Stadtman, 1957) .
Protein concentration was determined by the biuret method (Gornall et al., 1949) or by the direct spectrophotometric method of Warburg & Christian (1941) .
Assays ofthiolase activity. The standard assay was that described by Middleton (1973) . The enzyme activity was determined at 30°C by following the stimulation of acetoacetyl-CoA breakdown (measured at 303nm) caused by the addition of CoA (to a final concentration of 5OflM) to a cuvette of 1cm path length containing lOOmM-Tris-HCI, pH8.1, 25mM-MgCI2, 50mM-KCI, 10uM-acetoacetylCoA and enzyme in a total volume of 2.Oml. The apparent extinction coefficient of acetoacetyl-CoA was 16.9x 103 litre mo[l' cm'1. The K+ neither activates nor inhibits the cytoplasmic acetoacetylCoA thiolase.
During the purification cytoplasmic acetoacetylCoA was determined as a routine at 30°C by following the stimulation ofacetoacetyl-pantetheine breakdown (measured at 'max. of acetoacetyl-pantetheine, 300nm) caused by the addition of pantetheine (to a final concentration of 300pM) to a cuvette of 1 cm path length containing 100mM-Tris-HCl, pH8.1, 74.uM-acetoacetyl-pantetheine and enzyme in a total volume of 2ml. Under these conditions the apparent extinction coefficient of acetoacetyl-pantetheine was 5.3 x 103 litre mol-I cm-.
Kinetic studies of acetoacetyl-CoA thiolysis were carried out under the standard assay conditions (above) at the appropriate concentrations of substrates. Assays were started by the addition of CoA or enzyme. For studying the reaction in the direction of acetoacetyl-CoA synthesis the same buffer, pH and ionic constituents were used, but the sole substrate was acetyl-CoA and the reaction was started by the addition of enzyme. This assay could not be used for studying the effects of CoA on the rate of acetoacetyl-CoA synthesis, owing to the unfavourable equilibrium for the overall reaction (see the Results Section), and so the reaction was made irreversible by coupling to the 3-hydroxybutyryl-CoA dehydrogenase reaction (Lynen & Wieland, 1955) : Acetoacetyl-CoA+NADH+H+ 3-hydroxybutyryl-CoA+NAD+ Purity ofthe enzyme. After treatment with sodium dodecyl sulphate and 2-mercaptoethanol (Pringle, 1970 ) the cytoplasmic thiolase from the final stage of the purification was subjected to electrophoresis in polyacrylamide gels by the method of Shapiro et al. (1967) as modified by Weber & Osborn (1969) . The following marker polypeptides were also run: lysozyme, pepsin, carboxymethyl-aldolase and bovine serum albumin. Cytoplasmic thiolase gave a single protein-staining band (Plate 1) with the same mobility as carboxymethylaldolase. The subunit molecular weight of the latter is 44000 (I. Gibbons, personal communication), which must also be the subunit molecular weight of the cytoplasmic thiolase.
The molecular weight of the native thiolase was determined by gel filtration on Sephadex G-200 (Andrews, 1965) . The column (0.65cmx 130cm, supplied by Cambridge Biolab, Cambridge, U.K.) was equilibrated with l00mM-Tris-HCI, pH8.0, containing 0.1 mM-EDTA and was calibrated with cytochrome c, chymotrypsinogen A, ovalbumin, bovine serum albumin, aldolase, catalase and ferritin. The molecular weight of purified cytoplasmic thiolase as determined from its elution volume was 170000±
20000.
As a result of these analyses we can deduce that the purification used here yields a homogeneous preparation of rat liver cytoplasmic acetoacetyl-CoA thiolase, the native molecule of which is composed of four subunits of molecular weight 44000. Results and Discussion Effect ofMg2+ on the thiolase reaction rate This was investigated in the directions of acetoacetyl-CoA synthesis and acetoacetyl-CoA thiolysis. The results (Fig. la) demonstrate the absence of any effect of Mg2+ on the rate ofthe condensation reaction (acetoacetyl-CoA synthesis), but there is considerable inhibition of the acetoacetyl-CoA-cleavage reaction. The lack of any effect on the condensation reaction suggests that the inhibition of thiolysis was not due to an interaction between enzyme and Mg2+ and that the decrease in velocity seen in Fig. 1 (a) must be due to either the increase in concentration of a reversible inhibitor or the decrease in concentration of the true substrate, both these changes being linked to the change in Mg2+ concentration. As Stern (1956) has shown, at pH values greater than 7.5 Mg2+ interacts with the enol form of acetoacetyl-CoA to form a chelate, thus decreasing the amount of free keto form present. Stern (1956) has calculated the constants controlling this process and by using his values it was possible to calculate (Table 2) the concentrations of free keto, enol and chelate forms of acetoacetyl-CoA at the different Mg2+ concentrations used in Fig. 1(a) . As (Goldman, 1954; Stern, 1956) and it was therefore determined under the conditions of the standard assay used in the present study. The equilibrium concentration of acetoacetyl-CoA was determined spectroscopically (Fig. 2) Fig 3(a) the reciprocal plot appears to be linear for 1/[acetyl-CoA] over an 11-fold range of substrate concentration and a 4-fold velocity range. Further, the presence of the chemically unreactive product analogue desulpho-CoA (Chase et al., 1966) , which acts as a competitive inhibitor and therefore increases the slope of the reciprocal plots (Fig. 3a) , does not 1974 (2) must therefore be negligible for this reaction and we can conclude that acetyl-CoA binding to the enzyme (in the absence of products, as here) is irreversible. In view of the established mechanism of action (Gehring et al., 1968) of the pig heart acetoacetyl-CoA thiolase (a mitochondrial thiolase; Middleton, 1973) involving the formation of a stable acetyl-thiolase derivative, we might explain the apparent irreversibility of acetyl-CoA binding to the cytoplasmic acetoacetyl-CoA thiolase as being due to the formation ofthe same derivative: difficult to observe. The inhibition by CoA was competitive with respect to acetoacetyl-CoA (Fig.   4b ). The K, for the abortive binding ofCoA calculated from Fig. 4(b) is 601AM. Cleland (1970) (3) and (4) 2) would become significant. This is illustrated in Fig. 3(b) , where increasing concentrations of CoA cause increasing non-linearity of the reciprocal plot. When expressed as a Hill plot (Fig. 3c ) the increasing value of nH (the slope) with increasing [CoA] illustrates the growth in significance of the term in 1/[A]2. In this case therefore a value of nH greater than unity does not imply any co-operative interactions between cytoplasmic thiolase and its substrates or products; the non-linearity of the reciprocal plot in the presence of CoA is a simple consequence of the reaction mechanism.
Because of the non-linearity caused by CoA, its K, could not be determined but it is clearly an effective inhibitor of the cytoplasmic thiolase. The Kg value for desulpho-CoA (from Fig. 3a) (Middleton, 1973) shown in Fig. 4(a) (3) and (4) and its kinetic formulation in eqn. (6).
The data in Fig. 5 yield a family of lines whose slope decreases with increasing values of n and which intersect to the left of the ordinate. When expressed with respect to the other substrate (acetoacetyl-CoA) (Fig. 6 ) the same data show no common intersection point (owing to overcrowding of data the results for only three values of n are shown in Fig. 6 ). This qualitative pattern is predicted by the mechanism given in eqns. (6), (7) and (8) (see the Appendix for further details). The intercepts of the lines shown in Figs. 5 and 6 should be linear functions of 1/n, as shown in Fig. 7(a) . The deviation from this prediction when n = 4 must represent the appearance of high substrate inhibition by acetoacetyl-CoA (see the Appendix for details), but this is clearly insignificant at lower values of n. The slopes (calculated in terms of the relevant substrate) from Figs. 5 and 6 are linearly related to n and 1/n (see Figs. 7b and 7c) . From the secondary plots (Fig. 7) all the kinetic constants defining eqn. (6) constants are summarized in Table 4 , and comparison with the values for the same constants independently derived from the data of Fig. 4(b) Under standard assay conditions low concentrations (5,UM) of iodoacetamide inactivate cytoplasmic thiolase with a t* of 3min (Fig. 8) . Neither desulphoCoA (110pM) nor 3-oxodecanoyl-CoA (10pUM) gave any significant protection, but the presence of acetylCoA (10pUM) increased the t* to 8min. Higher concentrations of acetyl-CoA gave better protection.
However, acetoacetyl-CoA at 2 or 10OpCM gave extremely good protection, increasing the t* to more than 100min. These results are good evidence in support of the proposed mechanismn if one proposes that the group attacked by iodoacetamide is also that which is acetylated by acetoacetyl-CoA (eqn. 4) or acetylCoA (eqn. 3). Lack of protection by desulpho-CoA or a bulky acetoacetyl-CoA homologue indicates that neither CoA moiety nor acyl moiety alone is sufficient to prevent inactivation. The poor protection by acetyl-CoA (at 10pM) represents the turnover of the acetyl-enzyme (eqn. 3 plus eqn. 4) continually exposing the susceptible group. By contrast the acetyl-enzyme derived from acetoacetyl-CoA cannot turn over in the absence of added second substrate (CoA) and orotection must therefore be extremely efficient.
Significance of the kinetic mechanism in vivo Middleton (1973) proposed that the mammalian cytoplasmic acetoacetyl-CoA thiolase is involved in the pathway of steroid biosynthesis, catalysing the synthesis of cytoplasmic acetoacetyl-CoA for subsequent conversion into 3-hydroxy-3-methylglutarylCoA etc. In the direction of acetoacetyl-CoA synthesis the equilibrium constant is unfavourable (K = 128 x 10-6 under theconditions ofthis study) and the maximum velocity of this enzyme for acetoacetylCoA synthesis is only 0.055 times the maximum velocity for thiolysis of acetoacetyl-CoA (Table 4) . The published activity of the cytoplasmic thiolase in rat liver (Middletbn, 1973) al., 1973) , but it is unlikely that this capacity is normally achieved because of the kinetic properties of the cytoplasmic thiolase (see Fig. 3 ) and the probable concentrations of acetyl-CoA and CoA in cytoplasm. Williamson (1969) has calculated that in the cytoplasm of lactateperfused rat livers the concentrations of acetyl-CoA and CoA are 62pM and 104Mm respectively. It is possible to calculate, from the data of Fig. 3(b) and the value (above) for the maximum acetyl flux through the cytoplasmic thiolase step, that the rate of acetyl-CoA incorporation into acetoacetyl-CoA under these conditions is 42 nmol/min per g fresh wt. of liver. Brunengraber et al. (1973) have shown that sterol synthesis invivo is depressed by24hstarvation to 3.5 nmol of acetyl group incorporated/min per g fresh wt. of liver and that this must be due to an alteration in the supply of substrate to the pathway. Thus they find that the rate of steroid synthesis in perfused liver taken from these starved animals is normal. The approximate concentrations of acetyl-CoA and CoA in liver cytoplasm under starvation conditions in vivo can be estimated from the work of Williamson (1969) , who calculated these quantities to be 151uM and 47pM respectively in the cytoplasm of rat livers perfused with oleate. The resultant acetyl flux through the cytoplasmic thiolase reaction for these concentrations can be calculated from the data of Fig. 3(b) to be 15 nmol ofacetyl groups/min per g fresh wt. of liver.
These estimates of the flux in vivo through the cytoplasmic thiolase step give values that are far below the measured maximum tissue capacity for the reaction and approach the observed rates of steroid biosynthesis in vivo. This low thiolase activity isentirely due to the fact that the velocity at low concentrations of acetyl-CoA and high ratios of CoA/acetyl-CoA becomes proportional to [acetyl-CoA] 2, as seen from the slopes of the Hill plots (Fig. 3c) . It is particularly noteworthy that this apparent allosteric behaviour in the presence of CoA finds a simple kinetic explanation in the fact that CoA is the product of a reversible condensation between two identical molecules, hence the tendency to second-order Hill plots in the presence of CoA. Dugan et al. (1972) Results are expressed as percentages of the appropriate controls from which the inhibitor was omitted.
steroid-biosynthesis activity in vivo after 24h starvation is not due to lowered activity of 3-hydroxy-3-methylglutaryl-CoA reductase (EC 1.1.1.34) or any enzymic step subsequent to this, and the estimates (above) of cytoplasmic thiolase activity under conditions in vivo show that this enzyme cannot be ruled out as rate-limiting while uncertainties about cytoplasmic levels of acetyl-CoA and CoA continue.
APPENDIX
The following rate equations represent the simple Ping Pong type mechanism respectively. Therefore in cases I, II and III a combination of the data obtained from secondary plots of intercepts and slopes will enable the calculation of all the relevant kinetic constants. Case IV, however, although giving linear primary plots and secondary plots of slopes, will not in general give a linear secondary plot of the intercepts with respect to n or 1/n. The behaviour of this intercept plot will depend on the relative magnitude of Kt and Kg and on the range of n used. This is illustrated in Fig. 7(a) of the main paper, where intercepts are linear with respect to 1/n up to n =2 (thereby confirming that only B inhibits here), but become non-linear for higher values of n, showing that inhibition by A is now significant. These data enable the value of KA to be estimated from Fig. 7(a) of the main paper. Thus the expression for the intercept for case IV must, over the range n 2, simplify to that for the intercept of case III. Therefore for n<2 KA nKB nKB Kl Substituting n =2 and (from Table 4 of the main paper) KA = 434uM, KB = 15 uM, KB = 73 pM, we find that KA> 133pM.
